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composed of different hydrophobic diamines display a relatively good correlation with water 10 content, morphology. In fuel cell tests, the S-PSI60 membrane shows relatively high current 11 density of 250 mA cm -2 at 0.6 V and maximum power density of 175 mW cm -2 at 120
Introduction

24
Much attention has been paid to polymer electrolyte membrane fuel cells (PEMFC)s as 1 promising alternative power sources due to advantages such as high power density, high 2 efficiency and zero emission. Consequently, PEMFCs are being considered as potential 3 energy sources for stationary, automotive and mobile devices [1] [2] [3] [4] . While perfluorosulfonic 4 acid ionomers (PFSA) like Nafion ® have been widely used in practical fuel cell applications 5 in the past few decades due to their high proton conductivity, good mechanical strength and 6 chemical stability, they suffer from well-recognized drawbacks of high cost, low application 7 temperatures ( 100 o C) and high fuel permeability [5, 6] . 8
Recent research has focused on the development of PEMFCs that operate at medium high 9 temperature (100 200 o C) [7] [8] [9] [10] [11] [12] . The medium high temperature PEMFCs offer several 10 advantages, such as reduced catalyst poisoning by CO, higher reaction efficiencies, more 11 effective heat management, high fuel diffusion rate and lower cost. However, the relatively 12 low glass transition temperature (T g 111 o C for H + form), susceptibility to dehydration and 13 conductivity loss of Nafion ® limits operating it in the medium high temperature range [5, 14 13]. As replacements for ionomers, sulfonated hydrocarbon membranes, acid-doped 15 polybenzimidazole (PBI) membranes, inorganic additive composite membranes, pore-filling 16 reinforced membranes and blend membranes have been studied for medium high 17 temperature PEMFCs [9, 14, 15] . In the present study, sulfonated poly(sulfide sulfone imide) copolymers containing flexible 2 sulfide linkages and six-membered imide rings were synthesized. The effects of membrane 3 morphology and polymer chain structure due to different hydrophobic monomers were 4 characterized. It is our goal to evaluate this copolymer membrane as polymer electrolyte 5 membranes for medium temperature (120 o C, 35% RH). Aldrich, WI, USA) as previously reported [32] . NTDA, SDCDPS and potassium carbonate 7 were dried at 120 o C in a vacuum oven for 24 h before use. Other reagents were used as 8 received. 9 4,4'-Bis(4-aminophenylthio)diphenylsulfone-3,3'-disulfonic acid (BAPTPSDS) as 10 hydrophilic sulfonated diamine and 4,4'-bis(4-aminophenylthio)diphenylsulfone (BAPTPS) 11 as hydrophobic diamine monomers were prepared by substitution reaction of 4-12 aminothiophenol with SDCDPS or DCDPS according to previous literature, respectively [33, 13 34] . 14
Synthesis of sulfonated polyimide copolymers 15
The synthetic procedure for the sulfonated poly(sulfide sulfone imide) copolymers was 16 similar to that of SPIs, as reported in previous studies [16] [17] [18] [22] [23] [24] . For convenience in this 17 study, the S-PSI refers to a copolymer composed of NTDA, BAPTPSDS and TDA, and S-18 PSFI refers to one composed of NTDA, BAPTPSDS and BAPTPS. The S-PSI50 is given as a 19 representative example, where 50 refers to DS. To a 100 mL three-neck flask equipped with a 20 mechanical stirrer, and a cooling condenser, 1.56 g (2.5 mmol) of BAPTPSDS and 15 mL of 21 m-cresol were added under nitrogen atmosphere. After adding 2.1 mL (15 mmol) of TEA, the 22 reaction mixture became clear due to the formation sulfonic acid TEA salt. Then, 0.54 g (2.5 23 mmol) of TDA, 1.56 g (5 mmol) of NTDA, 1.22 g (10 mmol) of benzoic acid and an 24 additional 15 mL of m-cresol were added, successively. The reaction mixture was heated to 25 calorimetry (DSC, Q20, TA Instrument, DE, USA) was used for determining glass transition 1 temperature (T g ) and the thermal properties. The membranes density of proton form was 2 measured after they were dried completely. 2,2,4-Trimethylpentane (density = 0.692 g cm -3 ) 3 was used as the measurement solvent. The tensile strength and elongation of membranes were 4 measured using universal testing machine (Shimazu, AGS-500NJ, Tokyo, Japan) following 5 ASTM (ISO37-4). Dried and hydrated membranes were measured several times, and the 6 average value was taken. Under hydrated condition, samples were supplied with 7 humidification continuously. 8
Transmission electron microscopy (TEM) was used to investigate morphology of 9 membranes. The membranes were stained with lead ion (Pb 2+ ) by immersing in 0.5 M 10 lead(II) acetate aqueous solution, and rinsed several times with deionized water, and then 11 dried completely under vacuum. The stained samples were embedded in epoxy resin, 12 sectioned to 70 nm thickness with a RMCMTX Ultra microtome, and placed on copper grids. 13 TEM images were obtained using a Carl Zeiss LIBRA 120 energy-filtering transmission 14 electron microscope operating at an accelerating voltage of 120 kV. 15
The molecular structure of SPIs was simulated using the Material Studio program (Accelry,  16 San Diego, CA, USA) to confirm three-dimensional (3D) structures of the S-PSI and the S-17 PSFI copolymers. Molecular simulation was carried out using the COMPASS force field. 18
This method is suitable for estimation of polymer structure and conformational properties. 19
After constructing hydrophilic and hydrophobic repeating units, S-PSI and S-PSFI random 20 copolymers were built according to DS values and molecular weight. Energy minimization 21 was performed to eliminate any energy artifacts of the repeating units and polymer chain 22
matrix. 23
Oxidative stability and hydrolytic stability 24
The oxidative stability of membranes was determined by the following procedure. Where A dry and A wet are the area of dried and wet membranes and l dry and l wet are the 6 thickness of dried and wet membranes, respectively. 7
Ion exchange capacity and proton conductivity 8
The weight-based ion exchange capacity (IEC w ) of membranes was determined by acid-9 base titration. The proton form membrane samples were soaked in a 1.0 M NaCl solution for 10 24 h to exchange H + ions with Na + ions, and then released H + ions were titrated by 0.01 M 11 NaOH solution using phenolphthalein as an indicator. Volumetric IEC values of dried 12 membranes (IEC v(dry) ) were calculated by multiplying the IEC w and the membrane density. 13
The IEC values of hydrated membranes (IEC v(wet) ) were calculated based on measured water 14 uptake using the following equations. The mechanical properties of the S-PSI and S-PSFI membranes under dry and wet 5 conditions are summarized in Table 1 . Under dry conditions, the S-PSFI membranes exhibit 6
higher maximum tensile strength than the S-PSI membranes, in the range of 42.2 56.8 MPa, 7 whereas the S-PSI membranes show slightly higher elongation at break than S-PSFI 8 membranes, in the range of 17 21 %. Under wet conditions, the elongation of S-PSFI 9 membranes was significantly increased, but the S-PSFI membranes exhibit lower tensile 10 strengths than the S-PSI membranes. Note that in both the dry and wet conditions, the two 11 different copolymer structures (S-PSI and S-PSFI), derived from the hydrophobic diamine 12 monomers TDA and BAPTPS respectively, affect the polymer chain matrix, morphology, and 13 ion clusters. Thus, the mechanical properties under dry and wet conditions display different 14 behavior. In summary, the S-PSI and S-PSFI series show good tensile strength but low 15 elongation when compared with Nafion ® 212. 16
Oxidative stability and hydrolytic stability 17
The oxidative stability of the SPI PEMs was evaluated in Fenton's reagent at 80 exhibited a faster degradation trend, as expected. Furthermore, the dissolution time ( ) of SPI 24 membranes occurred after more than 100 h, except for S-PSFI80. In general, the S-PSI series 1 were comparatively more stable in oxidative conditions than the S-PSFI series. 2
The stability of SPI membranes in water is one of the key issues, because the imide linkage 3 is relatively easy to hydrolyze at elevated temperature and humidity [39] [40] [41] . In previous 4 studies [24, 25, 33, 42], use of in-chain spacer groups between sulfonic acid groups and imide 5 linkages demonstrated improved stability in water. The six-membered imide ring has higher 6 hydrolytic stability than five-membered imide ring [39] . For these reasons, the copolymers 7 were designed with six-membered dianhydride (NTDA) and sulfonated diamine containing p-8 aminothiophenyl spacer groups (BAPTPSDS). The hydrolytic stabilities of S-PSI and S-PSFI 9 membranes were tested in water at 100 o C, and the time to membrane breakage when both 10 ends of samples were bent are listed in Table 1 . The stability of membranes appeared to be 11 closely affected by DS and IEC values. The S-PSI70 and S-PSFI80 were broken after 53 h 12 and 48 h, respectively. However, the S-PSI50, 60 and the S-PSFI60, 70 exhibited relatively 13 good properties (87 112 h) compared to other SPI membranes [16, 19, 25] . 14
Membranes morphology and molecular simulation 15
In order to observe nano-phase separation of membranes, transmission electron 16 microscopy (TEM) images were taken as shown in Table 1 . The S-PSI60 copolymer containing TDA as hydrophobic diamine showed a 9 comparatively ordered helical structure, whereas the S-PSFI70 copolymer exhibited slightly 10 entangled helical structure. These results might be influenced by differences of torsional 11 angle between S-PSI60 and S-PSFI70. Molecular simulation data was largely consistent with 12 the experimental data. A well-ordered helical structure could be helpful to facilitate dense 13 packing of hydrophilic domains, as identified in the TEM images. Thus the S-PSI60 14 membranes exhibited higher T g , lower water uptake and better dimensional stability than 15 those of the S-PSFI70 membranes. Table 2 compares the density, IEC, water uptake and water retention of fabricated SPI 24 membranes. As expected, water uptake of both S-PSI and S-PSFI membranes increased with 25 temperature, IEC w , and IEC v(dry) , due to the increased DS. All the membranes showed similar 1 water uptake behavior between weight% and volume% due to their density (1.45 1.48 g cm -2 3 ). Also the volume-based IEC v showed a very similar trend as the weight-based IEC w . The S-3 PSI70 and S-PSFI80 samples exhibited the highest water uptake in weight% and volume% 4 (40 wt% and 59 vol%) at 100 o C among all the samples. In general, the S-PSFI membrane 5 series exhibited higher water uptake than S-PSI. For example, with the same IEC w of 1.73 6 meq cm -2 , S-PSFI70 showed a larger water uptake (38 wt% and 55 vol%) than S-PSI60 (35 7 wt% and 52 vol%). In contrast to the water uptake, the S-PSI membranes showed superior 8 water retention than the S-PSFI membranes when compared to samples having similar IEC w 9 values. Among them, the S-PSI60 retained about 5.3% after a water retention test, although 10 slightly lower than Nafion ® 212 (5.7%). Considering these points, the S-PSI membranes have 11 more favorable morphology to retain water than the S-PSFI membranes at medium 12 temperature ( 100 o C) and low humidity operation conditions. 13 For all the samples, in-plane changes were larger than through-plane changes. However, the 17 S-PSI membranes exhibited a smaller gap between in-plane and through-plane than the S-18 PSFI membranes. Despite the S-PSFI membranes showing larger in-plane swelling, the 19 through-plane swelling of the S-PSI membranes was higher than the S-PSFI membranes. This 20
indicates that the S-PSI membranes have more efficient water channel in the through-plane 21 directions. In addition, all the fabricated SPI membranes achieved excellent dimensional 22 stability (in-plane: < 38% and through-plane: < 24%) in comparison with many sulfonated 23 hydrocarbon PEMs [14] . Accordingly, good dimensional stability of synthesized SPI 24 membranes could be obtained for medium temperature fuel cell operation. 25
Proton conductivity 1
Proton conductivity is the most significant characteristic of fuel cell performance. stations. In addition, conductivity cell was back pressurized to 1.5 atm, and the relative 7 humidity (RH) was calculated and controlled by the temperature of the humidifier. N 2 was 8 supplied at flow rate 0.1 mL min -1 in order to prevent any extraneous chemical reactions. 9
Proton conductivities decreased with increasing temperature above 80 o C. // of all the 10 membranes was higher than . The S-PSFI membrane series showed higher conductivity 11 than S-PSI membranes series. From these results, it is clear that the water uptake, IEC, and 
Single cell performance 21
The achievement of superior performance of polymer electrolyte fuel cells is predicated on 22 a combination of PEM material properties such as high proton conductivity, appropriate 23 water uptake, good dimensional stability, mechanical properties, and chemical resistance [4, 24 43] . In particular, at medium temperature operation conditions, the role of dimensional 25 stability is essential [44] . As water is a proton carrier, moisture retention ability as well as the 1 amount of water uptake is also important. 2
All single cells were assembled using the same methodology and electrode composition for 3 a fair comparison as reported before [45] . performance of all the membranes depends on proton conductivity, which is a function of 7 IEC and DS. The S-PSFI membranes were observed to have higher current density (520 8 649 mA cm -2 ) than the S-PSI membranes (415 540 mA cm -2 ) measured at 0.6 V. Note that 9 the morphology of the S-PSFI membranes is more efficient for proton transfer through the 10 membranes having high water uptake and relatively large ion clusters (13 20 nm). 11
However, when the operation temperature was increased to 100 o C and RH was reduced to 12 85 %, the tendency was quite reversed when comparing between the two PEM series having 13 similar IEC w . For example, the S-PSI60 showed higher performance (current density (at 0. 
